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ABSTRACT 
 
 
 
 
Knowing that sewage sludge is considered as a renewable energy source, research on 
the anaerobic digestibility or biochemical methane potential (BMP) production of 
untreated domestic mixed sewage sludge (DMSS) and thermally pre-treated DMSS 
were conducted. This study aimed to estimate the methane recovery from untreated 
DMSS and thermally pre-treated DMSS (at temperature of 90oC at 40 minutes and 
90oC at 60 minutes) using the mesophilic anaerobic digestion. The BMP tests fed with 
untreated DMSS were prepared and labelled as BMP MSNT. Meanwhile, two types 
of thermally pre-treated DMSS namely; MST 9040 and MST 90120 were used as 
substrate for batch BMP test and each test was labelled as BMP 9040 and BMP 90120 
respectively. The ultimate methane yield from the mesophilic anaerobic digestion 
(BMP MSNT) was higher than that observed from digestion of disintegrated sewage 
sludge ( BMP 9040 and BMP 90120). However, the methane yield at day 5 from BMP 
9040 was 1.05% higher than BMP MSNT. Meanwhile, BMP 90120 produced higher 
methane yield, an increase of 6.08 % at day 5 compared to the BMP MSNT. The 
higher net accumulated methane yield for anaerobic digestibility of MST 90120 could 
be due to the presence of higher volatile fatty acid (VFA), which was dominated by 
acetic acid. In addition, the DMSS disintegration at 90oC was able to improve the net 
maximum methane production rate, better than what was observed from the digestion 
of untreated DMSS especially from the digestion of thermally pre-treated DMSS at 
120 minutes as indicated by BMP 90120. The results of this experiment concurred 
with the findings derived using kinetic modeling; the maximum methane production 
rate, Rm determinutesed by Modified Gompertz Model. This proved that low thermal 
pre-treatment was able to improve the methane yield during the early stage of 
degradation and subsequently increase the net maximum methane production rate. 
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ABSTRAK 
 
 
 
 
Enapcemar kumbahan boleh digunakan sebagai sumber tenaga diperbaharui. Dengan 
itu, kajian pencernaan anaerobik atau ujian potensi metana biokimia (BMP) bagi 
enapcemar kumbahan domestik bercampur (DMSS) tidak dirawat dan DMSS terawat 
telah dijalankan. Kajian ini bertujuan menganggarkan pemulihan metana daripada 
penguraian DMSS tidak terawat dan DMSS terawat (pada suhu 90oC pada 40 minit 
dan 90oC pada 60 minit) menggunakan pencernaan anaerobik mesofilik. Ujian BMP 
dengan DMSS tidak dirawat dilabel sebagai BMP MSNT. Manakala, dua jenis DMSS 
pra-haba terawat iaitu MST 9040 dan MST 90120 telah digunakan sebagai substrat 
untuk ujian batch BMP dengan masing-masing dilabel sebagai BMP 9040 dan BMP 
90120. Nilai muktamad hasil metana dari pencernaan anaerobik mesofilik DMSS tidak 
dirawat (BMP MSNT) adalah lebih tinggi daripada apa yang diperhatikan dari 
pencernaan anaerobik DMSS terawat (BMP 9040 dan BMP 90120). 
Walaubagaimanapun, hasil metana pada hari ke-5 dari BMP 9040 adalah 1.05% lebih 
tinggi dari BMP MSNT. Sementara itu, BMP 90120 telah menghasilkan hasil bersih 
metana terkumpul yang lebih tinggi, peningkatan sebanyak 6.08% pada hari ke-5 
berbanding BMP MSNT. Metana terkumpul yang lebih tinggi dari pencernaan 
anaerobik bagi MST 90120 disebabkan adanya asid lemak meruap (VFA) yang tinggi, 
yang didominasi oleh asid asetik. Tambahan pula, penguraian DMSS pada 90oC boleh 
meningkatkan kadar penghasilan bersih metana yang maksimum, lebih baik dari apa 
yang diperhatikan daripada pencernaan DMSS tidak dirawat terutama daripada 
pencernaan DMSS pra-haba terawat pada 120 minit seperti ditunjukkan oleh BMP 
90120. Penemuan ini sama dengan penemuan menggunakan parameter kinetik; kadar  
bersih pengeluaran metana maksimum, Rm yang ditentukan oleh Model Gompertz 
Terubahsuai. Ini membuktikan bahawa pra-rawatan haba rendah dapat meningkatkan 
hasil metana terkumpul bersih di peringkat awal pencernaan dan seterusnya 
meningkatkan kadar bersih pengeluaran metana maksimum. 
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 Background 
 
 
Sewage treatment plant (STP) is an essential urban infrastructure to treat wastewater 
to an extent that it can be discharged to natural water body after minimising the harmful 
impacts on its natural quality. Yet STP also generates sludge as a by-product of the 
physical, chemical and biological processes used during treatment. STP increases as 
the population increases. This means it is almost impossible to reduce the sludge 
generation. STP is a bulk energy consumer since the modern treatment processes 
usually require significant amounts of energy.  
In comparison with the other methods of sludge treatment, anaerobic digestion 
has the advantages over land filling and incineration particularly in generating 
renewable energy in the form of methane (CH4) (Lu, et al., 2008). Besides that, the 
anaerobic digestion uses less energy, and produced better stabilized product. 
Anaerobic digestion is widely used for sewage treatment (Morgan-Sagastume, et al., 
2011) because this sludge contains a large portion of organic waste readily available 
for anaerobic digestion, yielding methane rich biogas (55 - 70%) (Appels, et al., 2008). 
However, its long retention time (typical 20 –30 days) and less organic reduction were 
the major drawbacks of this technology. Appels, et al., (2008) reported that organic 
dry solid reduction from sludge through anaerobic digestion is limited to about 30 % 
to 50 % even after 20 to 30 days’ retention time.  
Hydrolysis of complex organic matter is the first and important step in the 
transformation (or reduction) of complex organic matter to methane through anaerobic 
digestion. During the anaerobic digestion of complex organic matter the hydrolysis is 
2 
 
always the rate-limiting state. Therefore, the optimization of the anaerobic digestion 
process strongly depends on the increase in hydrolysis efficiency (Lv, et al., 2010; 
Appels, et al., 2008;). Moreover, the good contact between substrate and biomass is a 
crucial key in hydrolysis (Angelidaki & Sanders, 2004).  
Hydrolysis is the process where both organic particle (biopolymers) and high 
molecular weight compounds degraded into soluble organic substances (soluble 
monomers) (Appels, et al., 2008). A promising method to improve hydrolysis is        
pre-treatment, in which sewage sludge disintegrate before entering the digester. 
During pre-treatment, both intracellular (within the microbial cell) and extracellular 
(within the polymeric network) materials were extracted. This process increases the 
readily biodegradable compounds, thus bypassing the rate-limiting hydrolysis stage, 
and improving the biogas generation subsequently (Borghi, et al., 1999). 
In comparison with other methods of pre-treatment, thermal pre-treatment has 
been considered to be a more promising technique due to less energy consumption and 
without chemical addition. Generally, thermal pre-treatment can be categorized into 
two ranges (a) low temperature thermal treatment (<100oC) and (b) high temperature 
thermal treatment (>100oC) ( Kuglarz, et al., 2013; Appels, et al., 2010;). The high 
solubilisation of ammonia, which is methanogenic inhibitor was observed for                
the sewage secondary sludge undergoing the thermal pre-treatment at 134oC (Gianico, 
et al., 2013). Temperature higher than 180oC lead to the production of recalcitrant 
soluble organics or toxic/inhibitory intermediates, reducing the biodegradability 
subsequently (Wilson & Novak, 2009). The biogas production increased when the   
high thermal treatment was applied. However, this is not economical since the 
recovered energy (biogas) is largely compensated by the high energy requirements 
(Appels, et al., 2010). This can be overcome by applying the low temperature thermal 
treatment. Low thermal pre-treatment was proven to improve the solids and organic 
solubilisation as indicated by Appels, et al., (2010); Nges & Liu, (2009); Ferrer, et al., 
(2008); Skiadas, et al., (2005).  
High concentration of ammonia caused a severe disturbance in the anaerobic 
process performance and the toxicity is indicated by the total cessation of 
methanogenic activity (Sung & Liu, 2003). The high concentration of free ammonia 
in thermophilic anaerobic digestion (TAD) was observed (Boe, 2006). Besides that, 
the higher accumulation of propionate in TAD retards the conversion of organic matter 
into biogas (Speece, et al., 2006). Moreover, there was 9% increment in methane yields 
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for digestion of thermally pre-treated WAS of 50oC at thermophilic condition as 
opposed to 11 %  increment for digestion at mesophilic condition (Nges & Liu, 2009). 
This made the mesophilic anaerobic digestion (MAD) preferable than TAD. 
Furthermore, it requires less energy.  
 
 
1.2 Problem Statement 
 
 
Anaerobic digestion is one of the few technologies that can simultaneously produce 
methane as renewable energy from sewage sludge and reduce/prevent environmental 
pollution. Previously, the emphasis of anaerobic digestion was placed on stabilization 
of sewage sludge or on wastewater cleanup. However, its emphasis today shifted to 
renewable (methane) energy recovery. In 2013, Indah Water, the national sewerage 
company in Malaysia collected 327,479 m3 of sludge, similar volume of 131 olimpic 
sized swimming pools (Indah Water Konsortium Sdn Bhd, 2013).  The cost for sewage 
sludge handling and treatment is high, almost 50%  of total costs of sewage treatment 
(Appels, et al., 2010). The  sewage sludge stabilization via anaerobic digestion were 
also able to reduce the cost for sewage sludge disposal. If the entire sewerage system 
in Malaysia adopting anaerobic digestion, the methane production is about 1.1 milion 
m3 of methane (CH4) per day, which can generate 4.75 GW.h of potential energy daily 
by using engines of 40% conversion efficiency (Kumaran, et al., 2016). 
Sewage sludge contains a large portion of organic waste readily available for 
anaerobic digestion, yielding methane rich biogas (55- 70%) (Appels, et al., 2008). In 
practice, the anaerobic digester was fed by mixed sewage sludge comprising of 
primary and secondary sewage sludge. However, the anaerobic digestion process 
degraded only 30 to 50% of the sewage sludge organics (Shang & Johnson, 2005). 
This is due to the presence of secondary sewage sludge, which is difficult to be 
digested by anaerobic biomass. Jones, et al., (2008) proved that the digestion of 
secondary sewage sludge resulted in lower methane yield compared to digestion of 
primary sewage sludge. The source of secondary sewage sludge also affected its 
digestibility (Carrère, et al., 2008). The secondary sewage sludge from the high- load 
process is more biodegradable than sludge from extended aeration process. Extended 
aeration is the biological process for  the sewage treatment, mostly applied in Malaysia 
(Indah Water Konsortium Sdn Bhd, 2011). Unfortunately, in practice mixed sewage 
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sludge goes directly into the anaerobic digester. The composition and availability of 
organic compounds in sewage sludge affected the methane yield (Ramirez, et al., 
2009). Therefore, it is hyphotesized that the methane recovery from the sewage sludge 
generated in Malaysia is low due to the presence of the secondary sewage sludge 
produced by extended aeration process.  
 Recently, the continuous research and developments in the field of anaerobic 
digestion for treating sewage sludge to obtain higher methane recovery is conducted, 
including the sludge disintegration prior to anaerobic digestion. Most of sludge 
disintegration  have only been applied to secondary sewage sludge (or waste activated 
sludge (WAS), due to the difficulty of secondary sewage sludge digestibility compared 
to primary sewage sludge.  The sludge disintegration including low thermal                  
pre-treatment is promising in increasing the organic content in the sewage sludge, 
subsequently improving the methane recovery ( Appels, et al., 2010; Xue, et al., 2015).  
The focus on energy recovery from digesting domestic mixed sewage sludge 
(DMSS) is limited due to its availablility. The domestic wastewater or sewage (from 
toilets, bathrooms, and kitchen) is treated in Malaysia, subsequently producing 
domestic sewage sludge (Indah Water Konsortium Sdn Bhd, 2011). Therefore, this 
research was initiated to focus on the methane recovery from domestic mixed sewage 
sludge (DMSS) and thermally pre treated domestic mixed sewage sudge (DMSS) by 
acknowledging the gap in the domestic mixed sewage sludge characteristics and 
anaerobically digested sewage sludge (used as inoculum) characteristic, VFA 
concentration, effects on thermal pre-treatment especially on the solubilisation of 
complex organic, the microbial activity of acetoclastic microbe particularly for the 
inoculum, ultimate methane potential and maximum methane production rate. 
 
 
1.3 Research Objectives  
 
 
Biogas production is directly influenced by the type of sludge and the operation 
conditions of the digester. With the consideration of the above, this research was 
initiated. This research aims to enhanced methane recovery from the digestion of 
thermally pre-treated DMSS. The objectives of this research are:  
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Objective 1: To characterize domestic sewage sludge (mixed sludge and waste 
activated sludge) and anaerobically digested sludge taken from a 
full-scale anaerobic digester. 
Objective 2: To evaluate the methane yield from the digestion of aged sludge 
and fresh sludge taken from a full-scale anaerobic digester.  
Objective 3: To examine the acetoclastic methanogenic activity of the 
anaerobically digested sludge taken from a full-scale anaerobic 
digester. 
Objective 4: To examine the impacts of thermal pre-treatment at different 
temperature on fresh domestic mixed sewage sludge  
Objective 5: To design and develop the biochemical methane potential (BMP) 
tests for low thermally pre-treated DMSS (at 90oC). 
 
In addition to the above, various research questions which are related to each objective 
have been identified. They are: 
 
(a) Do the organic compounds in domestic sewage sludge exist mostly in 
the form of particulate? 
(b) How does the low thermal treatment (at 70oC) affects the characteristics 
of domestic sewage sludge (mixed sludge and waste activated sludge)? 
(c) What is the methane yield of aged sludge and fresh sludge? Do they 
differ significantly? 
(d) What are the changes of methane yield with respect to different ratio of 
inoculum to substrate (I/S)? 
(e) Do the specific acetoclastic activities remained unchanged from one to 
another sampling? 
(f) How  does  specific  acetoclastic   methanogenic   activity  affects  the  
biochemical methane production? 
(g) How does the low thermal treatment (at 70oC and 90oC) affects the 
characteristics? and appearance of domestic mixed sewage sludge? 
(h) What is the most favourable low thermal pre-treatment (treatment 
duration) with  respect  to  the higher  solubilisation prior to anaerobic  
digestion, and enhance the methane production subsequently? 
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(i) What are the anaerobic biodegradability of low thermally pre-treated 
domestic mixed sewage sludge? Are VFAs, pH and alkalinity 
indicating toxicity? 
(j) What is the maximum methane production potential calculated using 
the Mathematical Modified Gompertz Model? 
(k) What is the COD balance for the anaerobic batch reactors?  
 
Generally, in order to answer all the research questions, the samplings and laboratory 
works were categorized to two essential parts, 1) the criterias of biochemical methane 
potential (BMP) tests and 2) the BMP tests of untreated and thermally pre-treated 
domestic mixed sewage sludge (DMSS). 
 
 
1.4 Scope of Research 
 
 
The fresh samples (domestic mixed sewage sludge, domestic sewage sludge and 
anaerobically digested sewage sludge) for this research were taken from a full-scale 
anaerobic digester treating domestic mixed sewage sludge. Samples except  
anaerobically digested sewage sludge were subjected to thermal pre-treatments at low 
temperatures of 70oC and 90oC at various treatment time from 20 minutes to 360 
minutes (6 hours). The fresh and thermally pre-treated samples were measured for 
solids (total solid and volatile solid) and organics comprises of COD, carbohydrates 
and proteins. Biochemical methane potential (BMP) assays were carried out to 
measure methane yields of domestic mixed sewage sludge (DMSS) and low thermally 
pre-treated domestic mixed sewage sludge (DMSS) respectively. Methane production 
was batch determined in series of 500 mL sealed glass bottles with a working mass of 
400 g. In order to confirm the anaerobic process is stable during the BMP tests, the 
anaerobic parameters including pH, alkalinity and volatile acids were monitored for 
the sample of each BMP reactor at the termination day. The modified Gompertz model 
was used to describe the kinetics of methane production from the anaerobic digestion 
of domestic mixed sewage sludge (DMSS) and low thermally pre-treated domestic 
mixed sewage sludge (DMSS). Finally, the COD balance was used to estimate COD 
removal and methanisation.  
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1.5 Research Approach 
 
 
The detailed approach exploited in each of the discussed sub-research topics is 
described below: 
 
(a) Assessment of domestic sewage sludge characteristics 
Representative measurements were conducted for each sampling (taken 
from a full-scale anaerobic digester treating domestic mixed sewage 
sludge) following the procedures and method as described in Chapter 
3. The results reported as characterization of domestic mixed sludge, 
domestic waste activated sludge and anaerobically digested sludge was 
available in Chapters 4 and 5. 
 
(b) Assessment of anaerobically digested sludge (ANDS) in producing 
methane 
The specific acetoclastic methanogenic activity (SAMA) measurement, 
explained in detailed in Chapter 3, was chosen to determine the 
capability of ANDS in producing methane, subsequently the status of 
the inoculum (ANDS). The data helps in interpreting the results from 
anaerobic digestibility study. 
 
(c) Impact of low thermal pre-treatment on domestic sewage sludge 
Parallel to the assessment of domestic sewage sludge characteristics, 
the impact of low thermal pre-treatment particularly on 70oC and 90oC 
were measured. The changes of the domestic sewage sludge due to low 
thermal pre-treatment are presented in Chapters 4 and Chapter 5. 
 
(d) Influence of inoculum to substrate ratios on methane yield  
This research evaluates two different inoculum to substrate ratios of 2.0 
and 1.5. The impacts of these ratios on ultimate methane yields, and 
maximum methane production rate were presented in Chapter 4. 
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(e) Assessment of the methane yields from digesting the dometic mixed 
sewage sludge (DMSS) and thermally pre-treated domestic mixed 
sewage sludge(DMSS) 
The performance of batch assays for anaerobic digestion of                   
dometic moxed sewage sludge (DMSS) and thermally pre-treated 
domestic mixed sewage sludge (DMSS) was investigated and the 
results was described in Chapter 5. The results covered the methane 
yield, methane production rate, and batch kinetic modeling. 
 
 
1.6 Thesis Organisation  
 
 
The structure of the thesis and the aspects discussed in each of the chapters are 
presented in Figure 1.1. The chapters were summarized below.  
Chapter 2 deals with the fundamentals of sewage treatment and, anaerobic 
digestion and low thermal pre-treatment. The biodegradation of secondary sewage 
sludge and energy recovery from sludge were explained. The significant impacts of 
the thermal pre-treatment on the release of organics and inorganics matter and heavy 
metal was also included. The chapter final section provides the current knowledge on 
the anerobic digestion of thermally pre-treated sewage sludge.  
Chapter 3 explains the methodology particularly on the laboratory setups and 
analytical methods used during this research study. The analytical tools and 
mathematical techniques are also presented. 
Chapter 4 reports on the results of the design criteria of the batch assay for 
anaerobic digestibility. This chapter covers the inoculum to substrate ratios, selection 
of the substrate and SAMA. 
Chapter 5 describes the influence of the thermal pre-treatment prior to 
anaerobic digestion. This chapter discusses and evaluate the results of methane yields 
and methane production rate from the anerobic digestibility of domestic mixed sewage 
sludge (DMSS) and thermally pre-treated domestic mixed sewage sludge (DMSS).  
Chapter 6 describes the significant conclusion of this study and described the 
future works.  
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Figure 1.1 Schematic outline of the thesis 
 
 
1.7 Significance of the Investigation 
 
 
The research gives insight knowledge on anaerobic digestion of domestic mixed 
sewage sludge particularly on the ultimate methane yield, methane production rate and 
the methanisation. The features observed in this research including the solid retention 
time, inoculum to substrate ratio, and organic content, could be used in designing the 
pilot scale anaerobic reactor for digesting domestic sewage sludge. The flowrate of the 
pilot scale anaerobic reactor can be estimated using the solid retention time. The 
knowledge on the capability of acetolastic microorganism from full-scale anaerobic 
digester could be used as a benchmark in the inoculum selection for the setup of new 
pilot scale anaerobic digester regardless of the type of organic waste. 
This research was also in line with the 11th Malaysia Plan ( Rancangan 
Malaysia ke 11, 2016-2020 ), Focus Area B: Adopting the sustainable consumption 
and production concept particularly on Strategy B5: managing waste holistically by 
Chapter 2   Literature review 
Chapter 3   Methodology 
Chapter 4 Chapter 4 Chapter 4 Chapter 4 Chapter 5 
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ratio 
SAMA  
Criteria for BMP tests 
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sludge 
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sludge 
Batch BMP tests 
Chapter 6   Conclusion and Future Works 
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using waste as a resource for other industries. Sewage sludge feed to anaerobic 
digestion of sewage sludge do not only produce the biogas but also digestate as final 
product. Besides disposing to landfill  for final disposal of the digestate, the digestate 
can be converted to fertilizer, or soil conditioner.  
 
 
 
 
 
 
 
CHAPTER 2 
 
 
 
 
LITERATURE REVIEW 
 
 
 
 
2.1 Sewage Treatment 
 
 
Indah Water Konsortium (IWK) Sdn Bhd was appointed by Suruhanjaya 
Perkhidmatan Air Negara (SPAN) to provide the national sewerage services in 
Malaysia. Most of the sewage treatment plants (STPs) operated and maintained by 
IWK are Extended Aeration (EA) system which treats the domestic wastewater 
(comprising of wastewater from toilet, bathroom and kitchen). Domestic wastewater 
was commonly referred to as sewage. While municipal wastewater is referred to the 
wastewater consisting of domestic and industrial wastewater. Figure 2.1 shows the 
life-cycle of sewage treatment process of extended aeration (EA) system.  
 
 
 
Figure 2.1 A well-designed sewage treatment  
(Indah Water Konsortium Sdn Bhd, 2011)
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Extended aeration (EA) is a biological secondary system, which removes 
biodegradable organic matter and suspended solids and produces the organic sludge. 
In the last stage of the treatment process, the sludge was separated from the treated 
water. This system is a bulk energy consumer, requires significant amounts of energy, 
particularly for aeration  (air are injected to aeration tank). IWK spent RM 476.81 
million in 2011 for operation and maintenance of 5749 STPs (over 70% of IWK STPs 
are mechanised systems, which consume large amounts of energy), 14,991km 
underground sewer pipelines, 829 pumping stations, and 58 sludge treatment facilities 
(Indah Water Konsortium Sdn Bhd, 2011). The number of STPs being operated and 
maintained by IWK in 2013 has increased to 5997 and the type of sewerage treatment 
systems varies. (Indah Water Konsortium Sdn Bhd, 2013).  
As the main sewage management authority in Malaysia, IWK is responsible to 
manage a huge amount of sewage sludge generated from STPs. In 2013, IWK collected 
327,479 m3 of sludge (equals to 131 Olympic sized swimming pools). Sludge in 
Malaysia is managed in the centralised sludge treatment facilities (Indah Water 
Konsortium Sdn Bhd, 2013). However, the costs of handling and disposal of sewage 
sludge is increasing (Drury, et al., 2010). The operational cost for the modern 
wastewater treatment plant (WWTP) mostly is for the treatment and disposal of sludge; 
up to 50% of the total operation costs of WWTP (Wilson & Novak, 2009; Appels, et 
al., 2008).  
Management of sewage is a challenging task due to disposal regulations. IWK 
must also comply to the effluent standards as stated in Environmental Quality 
(Sewerage) Regulation (EQSR), 2009 and are regularly required to submit the data to 
Regulators, SPAN and Department of Environment (DOE). In future, energy 
consumption by the STP facilities will increase when the regulations for treated 
effluent quality becomes more stringent. 
By monitoring the effluent, the treatment operational performance is assessed 
as well. Figure 2.2 depicts the effluent compliance from 2007 to 2011. The 
deterioration of equipment at the STPs, structural issues, illegal discharge, frequent 
theft cases, refurbishment and upgrading exercises were some of the challenges faced 
by IWK to achieved 100% compliance.  
The sewage pollutant loads in discharged effluent were measured accordingly 
for Biochemical Oxygen demand (BOD), Suspended Solids (SS), Oil & Grease 
(O&G), and Ammonia (NH3-N). The pollutant load refers to the quantity (mass or 
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weight) of the pollutant released into the waterways. It should be low to ensure           
self-purification capability of the natural water (e.g. river) to clean itself.  
 
 
 
          Figure 2.2 STP effluent compliance (Indah Water Konsortium Sdn Bhd, 2011) 
 
 
In 2011 to 2013, most of IWK’s STPs are generally functioning well in treating 
the sewage as shown in Figure 2.3. The allowable load for each pollutant as shown in 
the Figure 2.3 is based on the plant’s category (1, 2 or 3) and its catchment (A or B) 
under the Environmental Quality (Sewerage) Regulation (EQSR), 2009. The actual 
load is based on the average actual concentration of each pollutant discharged from 
the STP throughout the year. 
 
 
 
Figure 2.3 Allowable and actual pollutant loads for 2011- 2013  
(Indah Water Konsortium Sdn Bhd, 2013) 
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2.2 Extended Aeration (EA) System  
 
 
As shown in Figure 2.1, there are a few processes involved in extended aeration (EA) 
system, either physical, or biological. The physical process occurred in the screening 
and grit removal facility. Sand, gravel and other inorganic material are removed when 
the sewage passed through the grit chamber and the coarse material including roots, 
and rags are removed by screen.  
The biological process occurred in the aeration tanks, in which the organic 
matter degradation by aerobic bacteria took place. Air was injected to the tank to 
provide oxygen for aerobic bacteria. Water from aeration tank flows to clarifier and 
retained in this tank for several hours before the sewage effluent will be discharged 
subsequently. While, the solids on the bottom of the tank will be drawn as sludge with 
some being returned to the aeration tank to ensure enough bacteria are present in the 
tank to continue the process of breaking down newly introduced sewage. The 
remaining sludge were transferred to the sludge thickener before being sent to landfill 
for final disposal.  
Extended aeration (EA) system is one of the variations of activated sludge 
technology in the way of the application of recycled active sludge taken from clarifier 
and flows back to aeration tank. Therefore, the extended aeration (EA) system is 
typically an activated sludge process (ASP), with longer aeration time to speed up the 
waste decomposition. Basically, activated sludge process (ASP) is the solids –liquid 
separation which as microorganisms grow they form particles that clumps together. 
This particles (floc) are allowed to settle at the bottom of the clarifier tank, leaving a 
relatively clear liquid free from suspended solids and organic material. Extended 
aeration (EA) does not produce waste sludge as much as produced by typical activated 
sludge process.  
 
 
2.3 Sewage Sludge  
 
 
It is impossible to reduce the amount of sewage or municipal wastewater since it is 
generated continuously. This means that the sludge remains as a by-product of sewage 
or municipal wastewater treatment. The sewage sludge generation is estimated at about 
50 g of dry matter per person per day (Rulkens, 2008). The problems associated with 
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sewage sludge are a continuous increase in sludge production, the high costs of sludge 
treatment, and the risks that sewage sludge may have on the environment and human 
health.  
The treatment and disposal costs of sludge are expensive. It is about 30% to 
40% of capital cost and 50% of operating costs of wastewater treatment plants                
(Wilson & Novak, 2009). The toxic pollutants which are concentrated in the sludge, 
together with a large fraction of pathogens may harm the environment and human 
health. The application of the sewage sludge as a fertilizer in agricultural systems/land 
spreading has been banned in the Netherlands since 1995 (Roeleveld, et al., 2004), 
while, 15% of sewage sludge in Denmark is incinerated (Ucisik & Henze, 2008) to 
protect the environment and due to concern of the human health risks. 
In 2009, Malaysia was producing 6 million cubic meters of sewage sludge 
(Indah Water Konsortium Sdn Bhd, 2009). The treated sludge was used for land 
spreading (agriculture and reforestation), top soil cover for landfill sites, and land 
reclamation (Indah Water Konsortium Sdn Bhd, 2013).  
In Malaysia, sewage sludge was potentially seen as an alternative source for 
fertilizer. The study on the feasibility of sewage sludge as fertilizer was carried out 
and the result showed that the macronutrients such as N. P, Ca, K and Mg contents 
were variable. The sewage sludge from a mixed wastewater (light industry and 
domestic wastewater respectively) was having slightly higher heavy metals than 
purely domestic wastewater. However, the heavy metals (Pb, Cd, Cu, Mn and Ni) 
concentrations of the sludge have not exceeded the permitted level as suggested by 
Commission of the European Communities 1986 Guideline except for Zn (Rosenani, 
et al., 2004).  
Typical sewage sludge comprises of primary sludge, which were separated 
from wastewater during primary settling and secondary sludge from the activated 
sludge system (Luostarinen, et al., 2009). The variation of mixed sludge composition 
was tabulated in Table 2.1. VFA was identified from mixed sewage sludge. SCOD was 
relatively low in mixed sewage sludge, and was observed worldwide. However, pH of 
the mixed sludge is between 6 to 8. The sludge characteristic varies due to the 
composition of the raw wastewater being treated and the treatment condition dictating 
the composition of sewage sludge. In addition, water consumption and types of the 
local industry also affect the sewage characteristics as well (Luostarinen, et al., 2009) 
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Table 2.1 The composition of mixed sewage sludge from different countries 
 
Type of 
wastewater/ 
Sludge 
 
Population 
Equivalent 
 
Sludge Characteristics Country Reference 
Not given/ 
Mixed  
(P:S) 
Not given TS (g/L) = 57. 1 ± 4.3 
VS (g/L) = 44.0 ± 3.0 
VFA (g acetic acid/L) = 1.59 
±0.04 
 
UK (Paterakis, 
et al., 
2012) 
Municipal/ 
Mixed 
(P:S) 
(3:1) 
Not given pH = 6.8 
TCOD (g/L) = 92.00 
SCOD (g/l) = 2.12 
 
Sweden (Nges & 
Liu, 2009) 
Municipal/ 
Mixed 
(P:S) 
128,000 pH = 7.96 
TS (g/L) = 38.97 
VS (g/L) = 28.87 
VFA (g/l) = 0.11 
 
Spain (Ferrer, et 
al., 2008) 
Municipal/ 
Mixed 
(P:S) 
Not given pH = 6.62 ± 0.07 
TCOD (g/L) = 6.08 ± 1.41 
SCOD (g/l) = 0.03 ± 0.004 
 
Denmark (Ucisik & 
Henze, 
2008) 
Municipal/ 
Mixed 
(P:S) 
(93%:7%) 
Not given pH = 6.4 ± 0.1 
TCOD (g/L) = 9.11± 10.38 
SCOD (g/l) = 0.094 ± 0.005 
 
China (Yu, et al., 
2008) 
     
Municipal/ 
Mixed 
(P:S) 
(1:1) 
Not given TCOD (g/L) = 61.3 ± 2.4 
SCOD (g/L) = 5.7 ± 0.4 
Acetic Acid (g/L) =1.75 ±0.95 
Propionic Acid (g/L) = 1.50 ±0.77 
 
USA (Rivero, et 
al., 2006) 
TS = total solids, VS = volatile solids, VFA = volatile fatty acid, TCOD = total chemical oxygen 
demand, SCOD = soluble chemical oxygen demand 
 
 
 
2.3.1 Primary Sludge  
 
 
Primary sludge is also called raw sludge which comes from the bottom of the primary 
clarifier. This sludge is mainly water (97 % to 99 %) and contains mostly organic 
matter that is highly putrescible (Appels, et al., 2008). Primary sludge composed 
mainly of carbohydrates (55 %), while proteins and lipids were 18 % and 10 % 
respectively (Miron, et al., 2000). The soluble chemical oxygen demand, SCOD in the 
primary sludge was higher than what was contained in secondary sludge (Wilson & 
Novak, 2009 Ucisik & Henze, 2008; Mao, et al., 2004). This shows that primary sludge 
has more easily degradable organic matter than secondary sludge. Volatile fatty acid 
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(VFA) is also available in primary sludge, and its concentration is usually lower than 
secondary sludge (Park & Ahn, 2011; Wilson & Novak, 2009; Ucisik & Henze, 2008). 
Skiadas, et al., (2005) differentiated the methane production from anerobic digestion 
at thermophilic condition for sewage sludge, each for primary and secondary sewage 
sludge. The findings showed that the methane production from digested primary 
sewage sludge was almost four times greater than the secondary sewage sludge.  
 
 
2.3.2 Secondary Sludge 
 
 
The sludge generated from secondary treatment particularly activated sludge process 
(ASP) was termed as secondary sludge, activated sludge floc, excess sludge or waste 
activated sludge (WAS). ASP is referring to the biological process. Therefore, 
biological excess sludge is the best terminology for the sludge generated in ASP. 
However, excess sludge or WAS was used widely to refer this sludge.  
The WAS composition was tabulated in Table 2.2. The chemical oxygen 
demand (COD) of WAS from domestic wastewater was less concentrated compared 
to WAS from municipal wastewater (Bougrier, et al., 2008). Regardless of the country, 
WAS had neutral pH (6.0 - 8.0) and lower soluble chemical oxygen demand (SCOD) 
concentration. Low ratio of soluble COD to total chemical oxygen demand 
(SCOD/TCOD) meant that the large portion of COD originated from solids/particulate 
(Mao, et al., 2004). The volatile solids to total solids (VS/TS) ratio also varies from 
one country to the others. If VS/TS ratio is higher than 75%, this would indicate that 
high organic matter is present in the WAS (Mao, et al., 2004). WAS from Turkey 
showed lower concentration compared to others, which is probably due to the 
oxidation ditch process which was adapted in the biological treatment.  
Table 2.3 showed the complex organic components (carbohydrates, proteins 
and lipids), and organic acid (as volatile fatty acid, VFA) contained in WAS. 
Karakashev, et al., (2005) monitored 15 full scale anaerobic digestion plants operating 
under different conditions and either manure or sewage sludge as feedstock. The 
findings indicated that the VFA concentration is lower for anaerobic digestion treating 
sewage sludge than anaerobic digestion plants treating manure. Regardless of the type 
of wastewater and country, the WAS characterized by proteins concentration higher 
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than carbohydrates. However, the soluble organic was low. The organic acids are 
always dominated by acetic acid.  
 
               Table 2.2 The composition of WAS from different countries 
 
Type of 
wastewater/ 
Sludge 
 
Population 
Equivalent 
(PE) 
Sludge Characteristics Country Reference 
Municipal/ 
Secondary 
(WAS) 
Not given pH = 6.28 ± 0.01 
TS(g/L) = 55.7 ± 1.9 
VS (g/L) = 42.8 ± 1.4 
TCOD (g/L) = 68.7 ± 5.5 
SCOD (g/L) = 1.4 ± 0.2 
 
Japan (Zhen et al., 
2015) 
Municipal/ 
Secondary 
(WAS) 
780,000 pH = 6.5 
TS (g/L) = 20.80 
VS (g/L) = 14.40 
TCOD (g/L) = 20.1 
SCOD (g/l) = 0.05 
Italy (Gianico,et 
al., 2013) 
     
Not given/ 
Secondary 
(WAS) 
Not given pH = 7.1 ± 0.1 
TS(g/L) = 28.2 ± 0.8 
VS (g/L) = 19.3 ± 0.5 
COD (g/L) = 28.7 ± 2.5 
 
Australia (Ho, et al., 
2013) 
Municipal/ 
Secondary 
(WAS) 
 
 
 
Not given 
 
 
 
 
 
pH = 6.5 ±0.1 
TS (g/L) = 97.9 ± 0.52 
VS (g/L) = 37.2 ± 0.25 
TCOD (g/L) = 48.3 ±0.95 
SCOD (g/l) = 0.46 ±0.03 
 
China 
 
 
 
 
 
(Yan, et al., 
2013) 
 
 
 
 
Municipal/ 
Secondary 
(WAS) 
 
 
Not given pH = 7.5 ±0.1 
TS (g/L) = 3.94 ± 0.11 
VS (g/L) = 2.45 ± 0.13 
TCOD (g/L) =3.74 ± 0.05 
SCOD (g/l) = 0.055 ±0.005 
 
Turkey (Şahinkaya & 
SevimLi, 
2013) 
Municipal/ 
Secondary 
(WAS) 
400,000 pH = 6.4 
TS (g/L) = 58.0 
VS (g/l) = 45.1 
 
Italy (Bolzonella, 
D., et al., 
2012) 
Municipal/ 
Secondary 
(WAS) 
 
 
 
 
Not given 
 
 
 
 
 
 
pH = 6.5±0.2 
TS (g/L) = 19.37±0.71 
VS (g/L) = 13.05±0.70 
TCOD (g/L) =17.81 ±1.21 
SCOD (g/l) =0.52 ±0.141 
pH = 6.2 - 6.6 
Korea 
 
 
 
 
 
 
(Park & Ahn,  
2011) 
 
 
 
 
 
Domestic/ 
Secondary 
(WAS) 
33,000 TS (g/L) = 15.0± 0.1 
VS (g/L) = 12.3 ± 0.1 
TCOD (g/L) = 10.5± 0.7 
SCOD (g/l) = 0.04 ± 0.01 
France 
 
(Bougrier, et 
al., 2008) 
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Table 2.2 (Continued) 
 
Type of 
wastewater/ 
Sludge 
 
Population 
Equivalent 
(PE) 
Sludge Characteristics Country Reference 
Municipal/ 
Secondary 
(WAS) 
500,000 TS (g/L) = 33.7 ± 0.2 
VS (g/L) = 27.3 ± 0.1 
TCOD (g/L) = 35.1± 0.1 
SCOD (g/l) = 1.52 ± 0.04 
France (Bougrier, et 
al., 2008) 
     
Municipal/ 
Secondary 
(WAS) 
 
Not given 
 
 
 
TCOD (g/L) = 12.5 -18.0 
SCOD (g/l) = 0.5 -0.7 
 
 
Singapore 
 
 
 
(Mao, et al., 
2004) 
 
 
WAS = waste activated sludge, TS = total solids, VS = volatile solids, TCOD = total chemical oxygen 
demand, SCOD = soluble chemical oxygen demand 
 
 
      Table 2.3 The composition of organic matter in WAS from different countries 
 
 
Type of 
WAS 
 
Sludge Characteristics 
 
Country Reference 
Municipal  
 
 
Municipal 
Total Carbohydrates (g/L) = 7.5 ± 0.5 
Total Proteins (g/L) = 8.4 ± 1.7 
 
Carbohydrates (mg Glu-eq/L) = 8160 
Soluble Carbohydrates (mg Glu-eq/L) = 136 
Proteins (mg BSA-eq/L) = 29500 
Soluble Proteins (mg BSA-eq/L) = 125 
Total VFA (mg/L) =75 
Acetic acid (mg/L) = 46.45 
Propionic acid (mg/L) = 18.15 
Iso- butyric acid (mg/L) = 2.09 
Butyric acid (mg/L) = 2.13 
Iso- valeric acid (mg/L) = 4.50 
Valeric acid (mg/L) = 1.06 
Caproic acid (mg/L) = 0.58 
 
Japan 
 
 
Belgium 
(Zhen et al., 
2015) 
 
(Appels, et al., 
2010) 
Domestic Carbohydrates (mg Glu-eq/L) = 1340 ± 20 
Soluble Carbohydrates (mg Glu-eq/L) = 20 ± 1 
Proteins (mg BSA-eq/L) = 4300 ± 200 
Soluble Proteins (mg BSA-eq/L) = 300 ± 50 
Total VFA (mg/L) = 65 ± 1 
 
France (Bougrier, et 
al., 2008) 
Municipal Carbohydrates (mg Glu-eq/L) = 2660 ± 70 
Soluble Carbohydrates (mg Glu-eq/L) = 130 ± 10 
Proteins (mg BSA-eq/L) = 12200 ± 300 
Soluble Proteins (mg BSA-eq/L) = 310 ± 30 
Total lipids (mg/L) = 1500 ± 10 
Total VFA (mg/L) = 230 ± 10 
 
France (Bougrier, et 
al., 2008) 
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Table 2.3 (Continued) 
WAS = Waste activated sludge, Glu-eq = Glucose-equivalent,  
BSA-eq= Bovine Serum Albumin - Equivalent, Total VFA = Total volatile fatty acid 
 
 
The WAS contains mostly bacteria (approximately 70 %) (Lehne, et al., 2001). 
Besides bacteria, WAS also contained a polymeric network formed by extracellular 
polymeric substances (EPS) (Higgins & Novak, 1997). Figure 2.4 shows the activated 
floc/sewage secondary sludge/WAS component. 
 
 
 
Figure 2.4 Schematic representation of activated floc on an arbitrary scale of size 
(Neyens & Baeyens, 2003) 
 
 
EPS consist of humic acids, proteins and polysaccharides (complex carbohydrates) 
(Adav & Lee, 2008; Liu & Fang, 2002). Organic compounds such as uronic acids  (Liu 
& Fang, 2002), and lipids (Adav & Lee, 2008) have also been detected in the EPS. 
Studies of EPS were focused mostly on carbohydrates and proteins which were the 
predominant constituents of EPS, in which the combination of them is about 70 % to 
Type of 
WAS 
 
Sludge Characteristics 
 
Country Reference 
Municipal Total VFAs (mg/L) =110 
Acetic acid (mg/L) = 60 
Propionic acid (mg/L) = 50 
Iso- butyric acid (mg/L) = 0 
Iso- valeric acid (mg/L) = 0 
Caproic acid (mg/L) = 0 
 
Spain (Ferrer, et al., 
2008) 
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80 % of total organic carbon (TOC) in EPS. In addition, carbohydrates and proteins 
represent 20 % to 55 % and 20 % to 80 % of the EPS mass respectively. The remaining 
20 % to 30 % of total organic carbon in EPS is mainly contributed by humic 
substances, uronic acid and nucleic acids (Yu, et al., 2006).  
Table 2.4 showed the constituent of EPS taken from an activated sludge plant 
with 13 days of sludge age and 10 hours of hydraulic retention with respect to several 
types of extraction method. The higher concentrations of DNA observed from the 
extraction methods with respect to formaldehyde-NaOH and EDTA showed that these 
methods resulted in the cell lysis extensively. This also suggested that the best 
extraction method would depend on the particular type of organic matter. 
 
Table 2.4 Constituents of EPS in each gram of activated sludge 
(Liu & Fang, 2002) 
 
Extraction 
Method 
 
 
Carbohydrates 
(mg) 
 
 
Proteins 
(mg) 
Humic 
substances 
(mg) 
Uronic 
acid 
(mg) 
DNA 
(mg) 
Unknown 
(mg) 
Formaldehyde-
NaOH 
 
40.5 ± 
1.7 
54.6 ± 
2.0 
50.4 ± 
3.7 
4.2 ± 
0.4 
0.35 ± 
0.05 
14.8 ±  
3.3 
EDTA 12.4 ± 
1.2 
 
22.9 ± 
0.5 
59.2 ± 
2.5 
2.1 ± 
0.4 
0.47 ± 
0.03 
49.7 ±  
3.1 
Formaldehyde-
Ultrasound 
28.9 ± 
0.9 
 
20.4 ± 
1.0 
18.9 ± 
1.5 
1.8 ± 
0.1 
0.13 ± 
0.02 
7.8 ± 
0.5 
Cation 
exchange resin 
12.7 ± 
0.4 
 
17.6 ± 
0.9 
16.4 ± 
0.8 
1.2 ± 
0.2 
0.14 ± 
0.02 
9.8 ± 
1.0 
Formaldehyde 15.9 ± 
1.0 
 
12.3 ± 
0.3 
10.9 ± 
0.6 
1.1 ± 
0.1 
0.07 ± 
0.01 
9.4 ± 
0.3 
Control 7.7 ± 
0.1 
 
7.9 ± 
0.1 
6.4 ± 
0.3 
0.5 ± 
0.1 
0.06 ± 
0.01 
3.1 ± 
0.2 
 
 
 
2.4 Biodegradation of the Secondary Sludge 
 
 
Biodegradation referred to compounds that can be decomposed by the action of 
organisms (Angelidaki & Sanders, 2004). Secondary sludge or WAS was found to be 
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difficult to biodegrade (Ucisik & Henze, 2008). Jones, et al., (2008) proved this by 
showing that the gas yields (vol gas / vol sludge) from the digestion of WAS at 10 day 
SRT is about four times less than that from the digestion of primary sludge.  
According to Müller, et al., (1998), the physical state of microbial cell which 
exists in WAS are protected from osmotic lysis; which makes it an unfavorable 
substrate for the microbial degradation to continue. In addition, plenty of organics are 
encased within microbial cell membranes. Another reason for the lower digestibility 
of WAS is that it contains a significant amount of EPS (Frolund, et al., 1996) which 
was reported to be only 30 % to 50 % biodegradable (Li & Noike, 1992). The proteins 
and carbohydrates of the EPS were mainly presented in the form of HPO-A 
(hydrophobic acid) and HPI (hydrophilic fraction) (Wei, et al., 2011). The HPI is the 
most readily biodegradable part of organic fraction (Maurice, et al., 2002). Conversely, 
the HPO-A fraction is the least degradable compounds due to its low polarity. The 
high HPO-A/HPI ratio indicated the poor biodegradation of the sludge EPS. 
Furthermore, the huge hydrophobic fractions in sludge EPS indicates refractory 
characteristics (Wei, et al., 2011, 2012). 
 
 
2.5  Energy Recovery from Sludge 
 
 
The view of sewage sludge has shifted, from the problematic by- product of STPs to a 
beneficial source that can be processed for recovery of various resources. Those 
resources included nutrients, organic compounds, and inorganic material as shown in 
Table 2.5. Indeed, neglecting sewage sludge as a source for resource recovery is an 
economical loss.   
The potential of using the biogas as energy source is widely recognized 
especially in Europe and UK. In 2009, several countries of Organization for Economic 
Co-operation and Development (OECD) had identified their biogas generation from 
sewage and reported in unit gigawatt hour of electrical energy (GWHE) and kilowatt 
hour of electrical energy (KWHE) as shown in Table 2.6. Almost 0.2 % of total 
electricity in Germany and UK was biogas from sewage. Germany and UK were the 
highest among the country observed. The percent of total electricity from biogas for 
Czech Republic, The Netherland, Denmark and Poland were 0.13 %, 0.12 %, 0.11 % 
and 0.1 % respectively (Cowgill, 2011). 
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  Table 2.5 Recovery product from sewage sludge and their final use 
(Kalogo & Monteith, 2008) 
 
 
 
Table 2.6 Electricity generated from sewage biogas in selected OECD 
countries during 2009. (Cowgill, 2011) 
 
Country Total 
electricity 
generated 
(GWHE) (1) 
Electricity 
generated 
from sewage 
biogas 
(GWHE) (3) 
Population (1) Electricity 
from 
sewage 
biogas  
per capita 
(kWHE) 
Percent of 
total 
electricity 
from 
sewage 
biogas 
(%) 
 
Germany 547,000 1,057 82,217,800 12.9 0.19 
 
United 
Kingdom 
 
345,000 638 60,587,000 10.5 0.18 
Czech 
Republic 
 
62,000 83 10,256,700 9.0 0.13 
Netherlands 
 
124,000 150 16,639,800 9.0 0.12 
Denmark 
 
34,300 38 5,515,500 6.8 0.11 
Poland 
 
Luxembourg 
 
Australia 
 
129,300 
 
6,500 
 
222,000 
123 
 
6 
 
125(2) 
38,463,700 
 
497,500 
 
21,515,000 
3.2 
 
12.1 
 
5.8 
0.10 
 
0.09 
 
0.06 
Type of product 
 
Use of product 
Methane 
 
Electricity, heat, fuel 
Gases 
 
Electricity, heat 
Oil, fat and grease 
 
Biodiesel, methane 
Phosphorus 
 
Fertilizer 
Nitrogen 
 
Fertilizer 
Metals 
 
Coagulants 
Inorganic material 
 
Building material 
Organic compounds Organic acid production 
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Table 2.6 (Continued) 
 
Country Total 
electricity 
generated 
(GWHE) (1) 
Electricity 
generated 
from sewage 
biogas 
(GWHE) (3) 
Population (1) Electricity 
from 
sewage 
biogas  
per capita 
(kWHE) 
Percent of 
total 
electricity 
from 
sewage 
biogas 
(%) 
 
Austria 68,300 39 8,214,100 4.7 0.06 
 
United States 
 
3,873,000 2400 (4) 310,232,800 7.1 0.06 
Sweden 
 
134,500 19 9,074,100 2.1 0.01 
France 
 
447,000 45 63,601,000 0.7 0.01 
Italy 
 
315,000 20 59,715,600 0.3 0.01 
GWHE = gigawatt hour of electrical energy,  
KWHE = kilowatt hour of electrical energy  
(1) Central Intelligence Agency, 2010,  
(2) Clean Energy Council of Australia 2010 
(3) EurObservER 2010,  
(4) United Stated Energy Information Administration 2010 
 
 
There are several treatment processes available for energy recovery from sludge. These 
processes were grouped into four main categories such as Sludge-to-Biogas processes, 
Sludge-to-Syngas processes, Sludge-to-Oil processes and Sludge-to-Liquid. Even 
though, there are several treatment processes for energy recovery, it is necessary to 
look at the sewage sludge composition to assess the option for energy recovery 
(Rulkens, 2008). Examples of established technologies for each category are 
summarized in Table 2.7. Anaerobic digestion and thermal hydrolysis will be 
discussed in Section 2.6 and Section 2.7.  
 
Table 2.7 Established technologies available for energy recovery 
(Kalogo & Monteith, 2008) 
 
Category Process Example of Established 
Technology 
 
Sludge - to - Syngas Gasification 
 
KOPF, EBARA 
Incineration Thermylis®, HTFB 
  
157 
 
 
 
 
 
 
 
REFERENCES 
 
 
 
 
Adav, S. S., & Lee, D.-J. (2008). Extraction of extracellular polymeric substances from 
aerobic granule with compact interior structure. Journal of Hazardous 
Materials, 154(1–3), 1120–6.  
Ahring, B. K., Sandberg, M., & Angelidaki, I. (1995). Volatile fatty acids as indicators 
of process imbalance in anaerobic digestors. Applied Microbiology and 
Biotechnology, 43(3), 559–565. 
Alvarez, E. A., Mochón, M. C., Jiménez Sánchez, J. C., & Ternero Rodríguez, M. 
(2002). Heavy metal extractable forms in sludge from wastewater treatment 
plants. Chemosphere, 47(7), 765–775.  
American Public Health Association. (1999). Standard Methods forThe Examination 
of Water and Wastewater. American Water Works Association, Water 
Environment Federation.  
Angelidaki, I., & Ahring, B. K. (1993). Thermophilic anaerobic digestion of livestock 
waste: the effect of ammonia. Appl Microbiology Biotechnology, 38, 560–564. 
Angelidaki, I., Alves, M., Bolzonella, D., Borzacconi, L., Campos, J. L., Guwy, A. J.,  
van Lier, J. B. (2009). Defining the biomethane potential (BMP) of solid 
organic wastes and energy crops: a proposed protocol for batch assays. Water 
Science and Technology, 59(5), 927–934.  
Angelidaki, I., & Sanders, W. (2004). Assessment of the anaerobic biodegradability of 
macropollutants. Reviews in Environmental Science & Bio/Technology, 3(2), 
117–129.  
Appels, L., Baeyens, J., Degrève, J., & Dewil, R. (2008). Principles and Potential of 
The Anaerobic Digestion of Waste-Activated Sludge. Progress in Energy and 
Combustion Science, 34(6), 755–781.  
Appels, L., Degrève, J., Van der Bruggen, B., Van Impe, J., & Dewil, R. (2010). 
Influence of low temperature thermal pre-treatment on sludge solubilisation, 
heavy metal release and anaerobic digestion. Bioresource Technology, 
101(15), 5743–8.  
158 
 
 
 
Appels, L., Lauwers, J., Degrève, J., Helsen, L., Lievens, B., Willems, K., Dewil, R. 
(2011). Anaerobic digestion in global bio-energy production: Potential and 
research challenges. Renewable and Sustainable Energy Reviews, 15(9), 4295–
4301.  
Appels, L., Nys, B., Lauwers, J., Van Impe, J. ., Degreve, J., Dewil, R., & T. (2010). 
Thermal Hydrolylis As a Pre- Treatment for Enhancing the Anaerobic 
Digestion of Waste Activated Sludge : Influence on Sludge Characteristics and. 
In Third International Symposium on Energy from Biomass and Waste. 
Araújo, L. D. S., Catunda, P. F. C., & Haandel, A. C. Van. (1998). Biological sludge 
stabilisation Part 2 : Influence of the composition of waste activated sludge on 
anaerobic stabilisation. Water SA, 24(3), 231–236. 
Astals, S., Esteban-Gutiérrez, M., Fernández-Arévalo, T., Aymerich, E., García-Heras, 
J. L., & Mata-Alvarez, J. (2013). Anaerobic digestion of seven different sewage 
sludges: A biodegradability and modelling study. Water Research, 1–11.  
Babson, D. M., Bellman, K., Prakash, S., & Fennell, D. E. (2013). Anaerobic digestion 
for methane generation and ammonia reforming for hydrogen production: A 
thermodynamic energy balance of a model system to demonstrate net energy 
feasibility. Biomass and Bioenergy, 56, 493–505.  
Bioprocess Control. (2014). AMPTS II Operation and Maintenance Manual. 
(Bioprocess Control Sweden AB, Ed.). Sweden. 
Björnsson, L., Murto, M., Jantsch, T. G., & Mattiasson, B. (2001). Evaluation Of New 
Methods For The Monitoring Of Alkalinity , Dissolved Hydrogen And The 
Microbial Community In Anaerobic Digestion. Wat.Res., 35(12), 2833–2840. 
Bo Frolund, Rikke Palmgren, Kristian Keiding, P. H. N. (1996). Extraction of 
Extracellular Polymers from Activated Sludge Using a Cation Exchange Resin. 
Wat . Res., 30(No 8), 1749–1758. 
Boe, K. Online monitoring and control of the biogas process. PhD. Thesis. Technical 
University of Denmark; 2006. 
Bolzonella, D., Cavinato, C., Fatone, F., Pavan, P., & Cecchi, F. (2012). High rate 
Mesophilic, Thermophilic, and Temperature Phased Anaerobic Digestion of 
Waste Activated Aludge: A Pilot Scale Study. Waste Management, 32(6), 
1196–201.  
159 
 
 
 
Borghi, A. D., Converti, A., Palazzi, E., & Borghi, M. D. (1999). Hydrolysis and 
Thermophilic Anaerobic Digestion of Sewage Sludge and Organic Fraction of 
Municipal Solid Waste. Bioprocess Engineering, 10, 553–560. 
Bougrier, C., Delgen, J. P., &, Carrère H. (2007). Impacts of thermal pre-treatments 
on the semi-continuous anaerobic digestion of waste activated sludge. 
Biochemical Engineering Journal, 34, 20–27. 
Bougrier, C., Delgenès, J. P., & Carrère, H. (2008). Effects of thermal treatments on 
five different waste activated sludge samples solubilisation, physical properties 
and anaerobic digestion. Chemical Engineering Journal, 139(2), 236–244.  
Burgess, J. E., & Pletschke, B. I. (2008). Hydrolytic enzymes in sewage sludge 
treatment : A mini-review. Water SA, 34(3), 343–350. 
Cammarota, M. C., Teixeira, G. A., & Freire, D. M. G. (2001). Enzymatic pre-
hydrolysis and anaerobic degradation of wastewaters with high fat contents. 
Biotechnology Letters, 23, 1591–1595. 
Cavaleiro, A. J., Ferreira, T., Pereira, F., Tommaso, G., & Alves, M. M. (2013). 
Biochemical methane potential of raw and pre-treated meat-processing wastes. 
Bioresource Technology, 129, 519–525.  
Cowgill, S. M. Optimised Biogas Production At Malabar Sewage Treatment Plant. 
Master Thesis. Murdoch University; 2011 
Davidsson, Å., Lövstedt, C., la Cour Jansen, J., Gruvberger, C., & Aspegren, H. 
(2008). Co-digestion of grease trap sludge and sewage sludge. Waste 
Management, 28(6), 986–992.  
Demirel, B., & Scherer, P. (2008). The roles of acetotrophic and hydrogenotrophic 
methanogens during anaerobic conversion of biomass to methane: a review. 
Reviews in Environmental Science and Biotechnology, 7(2), 173–190.  
Dewil, R., Baeyens, J., & Appels, L. (2007). Enhancing the use of waste activated 
sludge as bio-fuel through selectively reducing its heavy metal content. Journal 
of Hazardous Materials, 144(3), 703–707.  
Donoso, P. J. D. An Experimental Investigation of Advanced Digestion Processes for 
Sewage Sludge Treatment. Master Thesis. Imperial College London; 2012. 
Drury Whitlock, Julian Sandino, John Novak, Bruce Johnson, L. F. (2010). Evaluation 
Methodology gy Framework for Processes to Reduce Waste Activated Sludge. 
In Residuals and Biosolids 2010 (pp. 624–656). 
160 
 
 
 
Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. A., & Smith, F. (1956). 
Colorimetric Method for Determination of Sugars and Related Substances. 
Analytical Chemistry, 28(3), 350–356. 
Eskicioglu, C., Kennedy, K. J., & Droste, R. L. (2006). Characterization of soluble 
organic matter of waste activated sludge before and after thermal pretreatment. 
Water Research, 40(20), 3725–36.  
Feng, L., Li, Y., Chen, C., Liu, X., Xiao, X., Zhang, R., Liu, G. (2013). Biochemical 
Methane Potential (BMP) of Vinegar Residue and the Influence of Feed to 
Inoculum Ratios on Biogas Production. BioResources, 8(2), 2487–2498. 
Feng, L. Y., Yang, L. Q., Zhang, L. X., Chen, H. L., & Chen, J. (2013). Improved 
methane production from waste activated sludge with low organic content by 
alkaline pretreatment at pH 10. Water Science and Technology, 68(7), 1591–8.  
Fernández, B., Porrier, P., & Chamy, R. (2001). Effect of inoculum-substrate ratio on 
the start-up of solid waste anaerobic digesters. Water Science and Technology, 
44(4), 103–8.  
Ferrer, I., Ponsá, S., Vázquez, F., & Font, X. (2008). Increasing biogas production by 
thermal (70°C) sludge pre-treatment prior to thermophilic anaerobic digestion. 
Biochemical Engineering Journal, 42(2), 186–192.  
Gavala, H. N., Yenal, U., Skiadas, I. V, Westermann, P., & Ahring, B. K. (2003). 
Mesophilic and thermophilic anaerobic digestion of primary and secondary 
sludge. Effect of pre-treatment at elevated temperature. Water Research, 
37(19), 4561–72.  
Ge, H., Jensen, P. D., & Batstone, D. J. (2011). Temperature phased anaerobic 
digestion increases apparent hydrolysis rate for waste activated sludge. Water 
Research, 45(4), 1597–606.  
Gianico, A., Braguglia, C. M., Cesarini, R., & Mininni, G. (2013). Reduced 
temperature hydrolysis at 134°C before thermophilic anaerobic digestion of 
waste activated sludge at increasing organic load. Bioresource Technology, 
143, 96–103.  
Gujer, W., & Zehnder, A. J. B. (1983). Conversion Process of Anaerobic Digestion. 
Wat.Sci.Tech, 15, 127–167. 
H. Carrère, C. Bougrier, D. Castets, J. P. D. (2008). Impact of initial biodegradability 
on sludge anaerobic digestion enhancement by thermal pretreatment. Journal 
of Environmental Science and Health, 43(13), 1551–1555. 
161 
 
 
 
Higgins, M. J., & Novak, J. T. (1997). Characterization of Exocellular Protein and Its 
Role in Bioflocculation. Environ. Eng, 123, 479–485. 
Ho, D. P., Jensen, P. D., & Batstone, D. J. (2013). Methanosarcinaceae and acetate-
oxidizing pathways dominate in high-rate thermophilic anaerobic digestion of 
waste-activated sludge. Applied and Environmental Microbiology, 79(20), 
6491–6500.  
Hussain, A., & Dubey, S. K. (2013). Specific methanogenic activity test for anaerobic 
treatment of phenolic wastewater. Desalination and Water Treatment, 
(December), 1–11.  
I. Angelidaki, Petersen, S. P., & Ahring, B. K. (1990). Effects of Lipids on 
Thermophilic Anaerobic Digestion and Reduction of Lipid Inhibition upon 
Addition of Bentonite. Applied Microbiology and Biotechnology, 33(4), 469–
472. 
Indah Water Konsortium Sdn Bhd. (2009). Sustainability Report 2008-2009. Towards 
Green Agenda. 
Indah Water Konsortium Sdn Bhd. (2011). Making a Difference to Our Lives and 
Environment via a Greener Today for Cleaner & Safer Tomorrow. 
Indah Water Konsortium Sdn Bhd. (2013). Cleaning the Unseen For a Sustainale 
Future. 
J. Müller, G. Lehne, J. Schwedes, S. Battenberg, R. Näveke, J. Kopp, N. Dichtl, A. 
Scheminski, R. Krull, D. C. H. (1998). Disintegration of Sewage Sludges and 
Influence on Anaerobic Digestion. Water Science and Technology, 38(8–9), 
425–433. 
Jeganathan, J., Bassi, A., & Nakhla, G. (2006). Pre-treatment of high oil and grease 
pet food industrial wastewaters using immobilized lipase hydrolyzation. 
Journal of Hazardous Materials, 137(1), 121–8.  
Ji, Z., Chen, G., & Chen, Y. (2010). Effects of waste activated sludge and surfactant 
addition on primary sludge hydrolysis and short-chain fatty acids 
accumulation. Bioresource Technology, 101, 3457–62.  
Jones, R., Parker, W., Khan, Z., Murthy, S., & Rupke, M. (2008). Characterization of 
sludges for predicting anaerobic digester performance. Wat. Sci.Tech, 57(5), 
721–726.  
Kalogo, Y., & Monteith, H. (2008). State of Science Report : Energy and Resource 
Recovery from Sludge. Gobal Water Research Coalition. 
162 
 
 
 
Karakashev, D., Batstone, D. J., & Angelidaki, I. (2005). Influence of Environmental 
Conditions on Methanogenic Compositions in Anaerobic Biogas Reactors. 
Appl. Environ. Microbial, 1(71), 331–338.  
Kim, T., Kim, T., Yu, S., Nam, Y. K., Choi, D., Lee, S. R., & Lee, M. (2007). 
Solubilization of Waste Activated Sludge with Alkaline Treatment and Gamma 
Ray Irradiation. J. Ind. Eng.Chem, 13(7), 1149–1153. 
Kolbl, S., Paloczi, A., Panjan, J., & Stres, B. (2014). Addressing case specific biogas 
plant tasks: Industry oriented methane yields derived from 5L Automatic 
Methane Potential Test Systems in batch or semi-continuous tests using 
realistic inocula, substrate particle sizes and organic loading. Bioresource 
Technology, 153, 180–188.  
Kuglarz, M., Karakashev, D., & Angelidaki, I. (2013). Microwave and thermal 
pretreatment as methods for increasing the biogas potential of secondary sludge 
from municipal wastewater treatment plants. Bioresource Technology, 134, 
290–7.  
Lehne, G., Müller, A., & Schwedes, J. (2001). Mechanical disintegration of sewage 
sludge. Water Science and Technology , 43(1), 19–26.  
Li, Y.Y., Noike, T. (1992). Upgrading of Anaerobic-Digestion of Waste Activated-
Sludge by Thermal Pretreatment. Water Science and Technology, 26(3–4), 
857–866. 
Li, J., Zicari, S. M., Cui, Z., & Zhang, R. (2014). Processing anaerobic sludge for 
extended storage as anaerobic digester inoculum. Bioresource Technology, 
166, 201–10.  
Lim, S. J., & Fox, P. (2013). Biochemical methane potential (BMP) test for thickened 
sludge using anaerobic granular sludge at different inoculum/substrate ratios. 
Biotechnology and Bioprocess Engineering, 18(2), 306–312.  
Lin, J., Ma, Y., Chao, A. C., & Huang, C. (1999). BMP test on Chemically Pretreated 
Sludge. Bioresource Technology, 68, 187–192. 
Liu, H., & Fang, H. H. P. (2002). Extraction of extracellular polymeric substances 
(EPS) of sludges. Journal of Biotechnology, 95(3), 249–56.  
Lowry, O. H., Rosebrough, N. J., Farr, A. L., Randall, R. J., & Lewis, A. (1951). 
Protein Measurement with the Folin Phenol Reagent. The Journal of Biological 
Chemistry, (193), 265–275. 
163 
 
 
 
Lu, J., Gavala, H. N., Skiadas, I. V., Mladenovska, Z., & Ahring, B. K. (2008). 
Improving anaerobic sewage sludge digestion by implementation of a hyper-
thermophilic prehydrolysis step. Journal of Environmental Management, 88, 
881–889.  
Lu, X., Zhen, G., Liu, Y., Hojo, T., Estrada, A. L., & Li, Y.-Y. (2014). Long-term 
effect of the antibiotic cefalexin on methane production during waste activated 
sludge anaerobic digestion. Bioresource Technology, 169, 644–51.  
Luostarinen, S., Luste, S., & Sillanpää, M. (2009). Increased biogas production at 
wastewater treatment plants through co-digestion of sewage sludge with grease 
trap sludge from a meat processing plant. Bioresource Technology, 100(1), 79–
85.  
Lv, W., Schanbacher, F. L., & Yu, Z. (2010). Putting Microbes to Work in Sequence: 
Recent Advances in Temperature-Phased Anaerobic Digestion Processes. 
Bioresource Technology, 101(24), 9409–14.  
Mao, T., Hong, S. Y., Show, K. Y., Tay, J. H., & Lee, D. J. (2004). A comparison of 
ultrasound treatment on primary and secondary sludges. Water Science and 
Technology, 50(9), 91–7.  
Maurice, P. A., Pullin, M. J., Cabaniss, S. E., Zhou, Q., Namjesnik-Dejanovic, K., & 
Aiken, G. R. (2002). A comparison of surface water natural organic matter in 
raw filtered water samples, XAD, and reverse osmosis isolates. Water 
Research, 36(9), 2357–71.  
Mesfin Yeneneh, A., Kanti Sen, T., Chong, S., Ming Ang, H., & Kayaalp, A. (2013). 
Effect of Combined Microwave-Ultrasonic Pretreatment on Anaerobic 
Biodegradability of Primary, Excess Activated and Mixed Sludge. 
Computational Water, Energy, and Environmental Engineering, 2(3), 7–11.  
Miron, Y., Lier, J. B. V. A. N., & Lettinga, G. (2000). The Role Of Sludge Retention 
Time In The Hydrolysis And Acidification Of Lipids , Carbohydrates And 
Proteins During Digestion Of Primary Sludge In CSTR Systems. Wat . Res., 
34(5), 1705–1713. 
Morgan-Sagastume, F., Pratt, S., Karlsson,  a, Cirne, D., Lant, P., & Werker,  a. (2011). 
Production of volatile fatty acids by fermentation of waste activated sludge pre-
treated in full-scale thermal hydrolysis plants. Bioresource Technology, 
102(3), 3089–97.  
164 
 
 
 
Morris, R., Schauer-Gimenez, A., Bhattad, U., Kearney, C., Struble, C. a, Zitomer, D., 
& Maki, J. S. (2014). Methyl coenzyme M reductase (mcrA) gene abundance 
correlates with activity measurements of methanogenic H₂ /CO₂ -enriched 
anaerobic biomass. Microbial Biotechnology, 7(1), 77–84.  
Moset, V., Al-zohairi, N., & Møller, H. B. (2015). The impact of inoculum source, 
inoculum to substrate ratio and sample preservation on methane potential from 
different substrates. Biomass and Bioenergy, 83, 474–482.  
Mottet, A., François, E., Latrille, E., Steyer, J. P., Déléris, S., Vedrenne, F., & Carrère, 
H. (2010). Estimating anaerobic biodegradability indicators for waste activated 
sludge. Chemical Engineering Journal, 160(2), 488–496.  
Muxi, L., Zunino, L., Tarlera, S., & Soubes, M. (1992). Characterization of a 
methanogenic sludge to be used as inoculum for a high-rate reactor. World 
Journal of Microbiology & Biotechnology, 8(6), 632–634.  
Neyens, E., & Baeyens, J. (2003). A review of thermal sludge pre-treatment processes 
to improve dewaterability. Journal of Hazardous Materials, 98(1–3), 51–67.  
Nges, I. A., & Liu, J. (2009). Effects of anaerobic pre-treatment on the degradation of 
dewatered-sewage sludge. Renewable Energy, 34(7), 1795–1800.  
Pan, X., Liu, J., Zhang, D., Chen, X., Song, W., & Wu, F. (2010). Binding of dicamba 
to soluble and bound extracellular polymeric substances (EPS) from aerobic 
activated sludge: a fluorescence quenching study. Journal of Colloid and 
Interface Science, 345(2), 442–7. 
Park, W.-J., & Ahn, J.-H. (2011). Effects of Microwave Pretreatment on Mesophilic 
Anaerobic Digestion for Mixture of Primary and Secondary Sludges Compared 
with Thermal Pretreatment. Environ. Eng. Res., 16(2), 103–109.  
Parkin, B. G. F., & Owen, W. F. (1986). Fundamentals of anaerobic digestion of 
wastewater sludges. J. Environ.Eng, 112, 867–920. 
Paterakis, N., Chiu, T. Y., Koh, Y. K. K., Lester, J. N., McAdam, E. J., Scrimshaw, 
M. D., … Cartmell, E. (2012). The effectiveness of anaerobic digestion in 
removing estrogens and nonylphenol ethoxylates. Journal of Hazardous 
Materials, 199–200, 88–95.  
Pilli, S., Yan, S., Tyagi, R. D., & Surampalli, R. Y. (2015). Thermal Pretreatment of 
Sewage Sludge to Enhance Anaerobic Digestion: A Review. Critical Reviews 
in Environmental Science and Technology, 45:6, 669–702.  
165 
 
 
 
Ponsá, S., Ferrer, I., Vázquez, F., & Font, X. (2008). Optimization of the hydrolytic-
acidogenic anaerobic digestion stage (55 degrees C) of sewage sludge: 
influence of pH and solid content. Water Research, 42(14), 3972–80.  
Rajagopal, R., Lim, J. W., Mao, Y., Chen, C.-L., & Wang, J. Y. (2013). Anaerobic co-
digestion of source segregated brown water (feces-without-urine) and food 
waste: For Singapore context. Science of the Total Environment, 443, 877–886.  
Ramirez, I., Mottet, A., Carrère, H., Déléris, S., Vedrenne, F., & Steyer, J.-P. (2009). 
Modified ADM1 disintegration/hydrolysis structures for modeling batch 
thermophilic anaerobic digestion of thermally pretreated waste activated 
sludge. Water Research, 43(14), 3479–92.  
Raposo, F., Banks, C. J., Siegert, I., Heaven, S., & Borja, R. (2006). Influence of 
inoculum to substrate ratio on the biochemical methane potential of maize in 
batch tests. Process Biochemistry, 41(6), 1444–1450.  
Raposo, F., Borja, R., Martín, M. A., Martín, A., Rubia, M. A. de la, & Rincón, B. 
(2009). Influence of inoculum–substrate ratio on the anaerobic digestion of 
sunflower oil cake in batch mode: Process stability and kinetic evaluation. 
Chemical Engineering Journal, 149(1–3), 70–77.  
Raposo, F., De La Rubia, M. A., Fernández-Cegrí, V., & Borja, R. (2011). Anaerobic 
digestion of solid organic substrates in batch mode: An overview relating to 
methane yields and experimental procedures. Renewable and Sustainable 
Energy Reviews, 16(1), 861–877.  
Rastogi, G., Ranade, D. R., Yeole, T. Y., Patole, M. S., & Shouche, Y. S. (2008). 
Investigation of methanogen population structure in biogas reactor by 
molecular characterization of methyl-coenzyme M reductase A (mcrA) genes. 
Bioresource Technology, 99, 5317–5326.  
Regueiro, L., Veiga, P., Figueroa, M., Alonso-Gutierrez, J., Stams, A. J. M., Lema, J. 
M., & Carballa, M. (2012). Relationship between microbial activity and 
microbial community structure in six full-scale anaerobic digesters. 
Microbiological Research, 167(10), 581–9.  
Ripley, L.E. Boyle, W.C., Converse, J. C. (1983). Improved alkalimetric monitoring 
for anaerobic digestion of hig-strength wastes. J.WPCF, 58(5), 406–411. 
Rivero, J. A. C., Madhavan, N., Suidan, M. T., Ginestet, P., & Audic, J. (2006). 
Enhancement of Anaerobic Digestion of Excess Municipal Sludge with 
166 
 
 
 
Thermal and / or Oxidative Treatment. Journal of Environmental Engineering, 
(132), 638–644. 
Rodriguez, L. Methane Potential of Sewage Sludge to Increase Biogas Production. 
Master Thesis. Royal Institute of Technology (KTH); 2011. 
Roeleveld, P., Loeffen, P., Temmink, H., & Klapwijk, B. (2004). Dutch analysis for 
P-recovery from municipal wastewater. Water Science and Technology , 
49(10), 191–9.  
Rosenani, A. B., Kala, D. R., & Fauziah, C. I. (2004). Characterization of Malaysian 
sewage sludge and nitrogen mineralization in three soils treated with sewage 
sludge. In Supersoil2004:3rd Australian New Zealand Soils Conference (pp. 
1–7). 
Rulkens, W. (2008). Sewage Sludge as a Biomass Resource for the Production of 
Energy : Overview and Assessment of the Various Options. Energy and Fuels, 
(22), 9–15. 
Şahinkaya, S., & Sevimli, M. F. (2013). Sono-thermal pre-treatment of Waste 
Activated Sludge Before Anaerobic Digestion. Ultrasonics Sonochemistry, 
20(1), 587–94.  
Salsabil, M. R., Laurent, J., Casellas, M., & Dagot, C. (2010). Techno-economic 
evaluation of thermal treatment, ozonation and sonication for the reduction of 
wastewater biomass volume before aerobic or anaerobic digestion. Journal of 
Hazardous Materials, 174, 323–33.  
Sanders, W. T. M. Anaerobic hydrolysis during digestion of complex substrates. Phd. 
Thesis. Wegeningen University; 2001 
Skiadas, I. V, Gavala, H. N., Lu, J., & Ahring, B. K. (2005). Thermal pre-treatment of 
primary and secondary sludge at 70 degrees C prior to anaerobic digestion. 
Water Science and Technology, 52(1–2), 161–166.  
Sørensen, A. H., & Ahring, B. K. (1993). Measurements of the specific methanogenic 
activity of anaerobic digestor biomass. Applied Microbiology and 
Biotechnology, 40, 427–431. 
Souza, T. S. O., Ferreira, L. C., Sapkaite, I., Pérez-Elvira, S. I., & Fdz-Polanco, F. 
(2013). Thermal pretreatment and hydraulic retention time in continuous 
digesters fed with sewage sludge: assessment using the ADM1. Bioresource 
Technology, 148, 317–24. 
167 
 
 
 
Speece, R. E., Boonyakitsombut, S., Kim, M., Azbar, N., & Ursillo, P. (2006). 
Overview of anaerobic treatment: thermophilic and propionate implications. 
Water Environ Res, 78(5), 460–473. 
Sung, S., & Liu, T. (2003). Ammonia inhibition on thermophilic anaerobic digestion. 
Chemosphere, 53(1), 43–52.  
Tae-Young Jeong, Gi-Cheol Cha, Suk Soon Choi,  and C. J. (2007). Evaluation of 
Methane Production by the Thermal Pretreatment of Waste Activated Sludge 
in an Anaerobic Digester. J. INd. Eng Chem, 13(5), 856–863. 
Takashima, M. (2008). Examination on Process Configurations Incorporating Thermal 
Treatment for Anaerobic Digestion. Journal of Environmental Management, 
(134), 543–549. 
Trzcinski, A. P., & Stuckey, D. C. (2012). Determination of the Hydrolysis Constant 
in the Biochemical Methane Potential Test of Municipal Solid Waste. 
Environmental Engineering Science, 29(9), 848–854.  
Ucisik, A. S., & Henze, M. (2008). Biological hydrolysis and acidification of sludge 
under anaerobic conditions: the effect of sludge type and origin on the 
production and composition of volatile fatty acids. Water Research, 42(14),  
Vavilin, V. A., Fernandez, B., Palatsi, J., & Flotats, X. (2008). Hydrolysis kinetics in 
anaerobic degradation of particulate organic material: an overview. Waste 
Management, 28(6), 939–51.  
Viau, E., & Peccia, J. (2009). Survey of wastewater indicators and human pathogen 
genomes in biosolids produced by class a and class B stabilization treatments. 
Applied and Environmental Microbiology, 75(1), 164–74.  
Vlyssides, A.G., P. K. K. (2004). Thermal-alkaline solubilization of waste activated 
sludge as a pre-treatment stage for anaerobic digestion. Bioresource 
Technology, 91(2), 201–206.  
Vrieze, J. De, Raport, L., Willems, B., Verbrugge, S., Volcke, E., Meers, E., … Boon, 
N. (2015). Inoculum selection influences the biochemical methane potential of 
agro-industrial substrates. Microbial Biotechnology, 8, 777–786.  
Wei, L.-L., Wang, K., Zhao, Q.-L., Jiang, J.-Q., Kong, X.-J., & Lee, D.-J. (2012). 
Fractional, biodegradable and spectral characteristics of extracted and 
fractionated sludge extracellular polymeric substances. Water Research, 
46(14), 4387–96.  
168 
 
 
 
Wei, L.-L., Zhao, Q.-L., Hu, K., Lee, D.-J., Xie, C.-M., & Jiang, J.-Q. (2011). 
Extracellular biological organic matters in sewage sludge during mesophilic 
digestion at reduced hydraulic retention time. Water Research, 45(3), 1472–
80.  
Wilcox, S. J., Hawkes, D. L., Hawkes, F. R., & Guwy, A. J. (1995). A Neural Network, 
Based on Bicarbnate Monitoring, to Control Anaerobic Digestion. Wat. Res., 
29(6), 1465–1470. 
Williams, J., Williams, H., Dinsdale, R., Guwy, A., & Esteves, S. (2013). Monitoring 
methanogenic population dynamics in a full-scale anaerobic digester to 
facilitate operational management. Bioresource Technology, 140, 234–42.  
Wilson, C. A., & Novak, J. T. (2009). Hydrolysis of Macromolecular Components of 
Primary and Secondary Wastewater Sludge by Thermal Hydrolytic 
Pretreatment. Water Research, 43(18), 4489–98.  
Wilson, C. A., Novak, J. T., & Murthy, S. N. (2009). Thermal Hydrolysis of the Lipid 
and Protein fractions of Wastewater Sludge : Implications for Digester 
Performance and Operational Considerations. In WEFTEC 2009 (pp. 3918–
3922). 
Xie, S., Lawlor, P. G., Frost, J. P., Hu, Z., & Zhan, X. (2011). Effect of pig manure to 
grass silage ratio on methane production in batch anaerobic co-digestion of 
concentrated pig manure and grass silage. Bioresource Technology, 102(10), 
5728–5733.  
Xue, Y., Liu, H., Chen, S., Dichtl, N., Dai, X., & Li, N. (2015). Effects of thermal 
hydrolysis on organic matter solubilization and anaerobic digestion of high 
solid sludge. Chemical Engineering Journal, 264, 174–180.  
Yan, Y., Chen, H., Xu, W., He, Q., & Zhou, Q. (2013). Enhancement of Biochemical 
Methane Potential from Excess Sludge with Low Organic Content by Mild 
Thermal Pretreatment. Biochemical Engineering Journal, 70, 127–134.  
Y Shang, B.R. Johnson, R. S. (2005). Application of the IWA Anaerobic Digestion 
Model (ADM1) for simulating full-scale anaerobic sewage sludge digestion. 
Water Science and Technology, 52(1–2), 487–492. 
Yi, H., Han, Y., & Zhuo, Y. (2013). Effect of Combined Pretreatment of Waste 
Activated Sludge for Anaerobic Digestion Process. Procedia Environmental 
Sciences, 18, 716–721.  
169 
 
 
 
Yu, G.-H., He, P.-J., Shao, L.-M., & He, P.-P. (2008). Toward understanding the 
mechanism of improving the production of volatile fatty acids from activated 
sludge at pH 10.0. Water Research, 42(18), 4637–44.  
Yu, T., Lei, Z., & De-Zhi, S. (2006). Functions and behaviors of activated sludge 
extracellular polymeric substances ( EPS) : a promising environmental interest. 
Journal of Environmental Sciences, 18(3), 420–427. 
Zhao, H. W., & Viraraghavan, T. (2004). Analysis of the performance of an anaerobic 
digestion system at the Regina Wastewater Treatment Plant. Bioresource 
Technology, 95(3), 301–7.  
Zhen, G., Lu, X., Kobayashi, T., Li, Y., Xu, K., & Zhao, Y. (2015). Mesophilic 
anaerobic co-digestion of waste activated sludge and Egeria densa : 
Performance assessment and kinetic analysis. Applied Energy, 148, 78–86. 
Zhen, G., Lu, X., Li, Y.-Y., & Zhao, Y. (2014). Combined electrical-alkali 
pretreatment to increase the anaerobic hydrolysis rate of waste activated sludge 
during anaerobic digestion. Applied Energy, 128, 93–102.  
 
 
 
